Abstract The imaging approach to osteomyelitis has evolved in the past two decades. Advances in MRI allow for whole body imaging, decreasing the need for scintigraphy when symptoms are not localized or the disease may be multifocal. There is an increasing clinical need for depiction of abscesses in the soft tissues and subperiosteal space, particularly because methicillin-resistant Staphylococcus aureus infections constitute more than one-third of all the infections. The increasing emphasis on radiation dose reduction has also led away from scintigraphy and computed tomography. MR imaging has become the advanced imaging modality of choice in osteomyelitis. There is an increasing understanding of the appropriate role for gadolinium enhancement, which is not indicated when the pre-gadolinium images are normal. Other related infections, including pyomyositis, are best imaged with MRI.
incidence in Norway ranged between 70 and 160 per million and that the incidence had remained stable between 1965 and 1994 [3] . An American study, however, found that in the last 20 years the incidence of osteomyelitis had increased 2.8-fold, whereas that of septic arthritis was stable. Methicillin-resistant Staphylococcus aureus (MRSA) was the causative organism in 30% of the children [4] . More than half of the cases occur before 5 years of age, and it appears to be more frequent in boys. Approximately 70% of infections involve the lower extremities and onethird affect the knee [2] .
Pathophysiology
Hematogenous osteomyelitis results from the seeding of bacteria, usually Staphylococcus aureus (S. aureus) in the metaphysis of a long bone (Fig. 1 ) or in the metaphyseal equivalents of the axial skeleton (Fig. 2) . S. aureus bacteria, which are present in the skin or mucosal membranes, enter the bloodstream and lodge in the bone, usually at sites where blood flow is abundant and slow. The metaphyses are richly vascularized and the valveless sinusoidal loops of the metaphyseal venules have sluggish flow and discontinuous endothelium which facilitates bacterial invasion. During childhood, the metaphyses that grow the fastest, such as those around the knee, are the most richly vascularized in order to produce new bone at a rapid rate. These rapidly growing metaphyses also tend to be affected more frequently by infection. S. aureus has the capacity to attach to the bony matrix and produce proteolytic enzymes that destroy the surrounding tissues, allowing the spread of the infection. From the bone, the infection extends through the porous metaphyseal cortex into the subperiosteal space. The periosteum in children is loosely attached to the bone and separates easily from it, creating a space that allows the accumulation of purulent collections (Figs. 3, 4 and 5). A rapid elevation of the periosteum can lead to devascularization of the bone, which explains why in some cases of infection the bone scan is cold and the post-gadolinium image shows absence of enhancement.
In the flat bones, at the junction of cartilage and bone, there are "metaphyseal equivalents," areas with endochondral ossification that are richly vascularized and thus also prone to infection [5] . A metaphyseal type of vascularity is also seen in the periphery of the round bones and of the secondary ossification centers.
In infants before 18 months of age, there are transphyseal vessels that allow the spread of infection from the metaphysis to the epiphysis [6] . This explains why infantile osteomyelitis frequently results in the destruction of the epiphysis and damage to the adjacent joint. Direct spread of infection from the epiphysis, however, is not the main cause of septic arthritis. More frequently there appears to be hematogenous seeding of the synovial vascularity in the periphery of the joint.
A metaphyseal hematoma due to trauma appears to predispose to bacterial colonization and a history of trauma is reported in one-third of cases of acute hematogenous osteomyelitis. There are other host-related factors that predispose a patient to bone infections including premature birth, umbilical catheterization, urinary tract infection, immunodeficiency and other pre-existing diseases [7] .
Specific features of the invading bacteria can also determine the clinical and radiological picture. The presence of genes encoding Panton-Valentine leukocidin (pvl) [8] , seen primarily in MRSA infections, is associated with higher erythrocyte sedimentation rate (ESR), higher Creactive protein (CRP) concentration and a higher frequency of positive blood cultures. Infections with pvl bacteria also have a higher incidence of associated subperiosteal collections, myositis or pyomyositis (Fig. 4) [8] .
Clinical considerations
A definitive diagnosis of osteomyelitis requires the recovery of the organism from the focus of metaphyseal or subperiosteal infection, or a positive blood culture in a child with a clinical and radiographical picture consistent with clinical infection [9] .
Established osteomyelitis is associated with leukocytosis in the range of 12-15,000/mcL, and an ESR in the range of 30-50 mm/hr [10] . There is an increasing reliance placed on the CRP level, as its elevation precedes that of the ESR, usually within a day of the beginning of the infection [10] and it also declines sooner in response to therapy. CRP also is a valuable indicator of complications. In a recent series, subperiosteal abscesses only occurred in children with a CRP greater than 3.6 mg/dL. Children with MRSA infection and a CRP greater than 6 mg/dL have a 40% chance of having deep venous thrombosis [11, 12] .
In neonates osteomyelitis can be caused by E. Coli, Enterobacteriae, Group B Streptococci, and Candida Albicans; is more often multifocal; extends frequently into the epiphysis, and can result in areas of decreased perfusion manifested as cold scintigrams. In young children, milder osteomyelitis can be due to Kingella Kingae [13] .
Diagnostic modalities
A comparison of the relative sensitivities and specificities of the various modalities would be useful, but a valid evaluation would need to be prospective, with all imaging modalities performed almost simultaneously in a large number of patients. To the best of my knowledge, such a study has not been carried out, and in most comparisons either scintigraphy was done first [14] or MRI was used only in complicated cases [15] . Fig. 1 An 11-year-old boy with 1-week history of ankle pain, erythema and swelling. a Sagittal fat-suppressed gadoliniumenhanced T1-W image shows that there is diffuse marrow enhancement in the metaphysis and epiphysis of the distal tibia, with two central foci of decreased signal intensity (arrow) indicating early abscess formation. b Axial fat-suppressed gadolinium-enhanced T1-W image shows that the metaphyseal abscess is extending toward the cortex (arrow), almost becoming a draining sinus Plain radiography is insensitive for the evaluation of osteomyelitis, but necessary to exclude other pathologies such as injuries or tumors [16] . When positive, however, plain radiographs can be extremely helpful in the subsequent evaluation. Destruction of the bone, typically manifested as focal metaphyseal radiolucency, becomes apparent 7-10 days after the beginning of symptoms.
Unfortunately, only 20% of cases have abnormal radiographical findings by the second week [17] . Earlier, deep soft tissue swelling may be visible, but this is difficult to detect. There is visible elevation of the periosteum, which also appears late.
MR imaging has become the predominant modality for the evaluation of bone infections. In osteomyelitis, the first question related to imaging is whether there is bone involvement and, if so, whether there is an abscess that requires drainage. The earliest manifestation of bone infection on MR images is edema, which radiates from the initial focus of disease into the adjacent marrow and soft tissues. T2-weighted and short tau inversion recovery (STIR) images are highly sensitive for the diagnosis of early osteomyelitis, seen as high signal intensity in the metaphysis (Fig. 3) . In the pelvis, the abnormal areas are located in metaphyseal equivalents and are small relative to the extent of soft tissue involvement [18] .
The second question is whether there is an abscess. A purulent collection will present on gadolinium-enhanced images as a low signal intensity nonenhancing center surrounded by a halo of enhancing tissue. Sometimes there may be small pus collections. Smaller collections less than a few centimeters in size respond to antibiotics (Fig. 1 ), but larger purulent collections need to be drained. The decision to intervene is based on the clinical response as much as on the volume of the collection.
Osteomyelitis should be differentiated from normal hematopoietic marrow, which is also metaphyseal and contains abundant water. Normal hematopoietic marrow should be similar in all metaphyses imaged and should be of higher signal intensity than muscle on T1-weighted images. Extensive soft tissue involvement is a good differentiating point between osteomyelitis and stress injury, in which the edema is more confined to the bone. Osteomyelitis should also be differentiated from tumor. A soft tissue mass, a sharp transition between normal and abnormal marrow and invasion of adjacent structures suggest a tumor, whereas an abscess, a draining sinus and extensive perilesional edema suggest infection [19] . A good differentiating feature between acute osteomyelitis and other marrow-invading processes is the presence of fat globules within the lesion (Fig. 3c) . On T1-weighted images, small rounded areas of high signal intensity can be seen within the bone, subperiosteal space and soft tissue as a frequent finding in acute osteomyelitis. It is likely that increased intramedullary pressure leads to necrosis of the adipose tissue and release of free fatty globules. Although not pathognomonic, fatty globules on MR imaging support the diagnosis of osteomyelitis over other marrow disorders such as neoplasia [20] .
There is controversy regarding when to use gadolinium enhancement in infants and children with suspected osteomyelitis. Gadolinium enhancement does not increase the sensitivity or specificity for diagnosis of osteomyelitis. If the water-sensitive images are normal, gadolinium enhancement is of no value [21, 22] . One exception is an abscess involving the epiphyseal cartilage alone, in which unenhanced images can be negative [23] . If the watersensitive images are abnormal, however, gadolinium enhancement is of value in increasing confidence in the diagnosis of an abscess [21] and allowing the planning of the abscess aspiration and drainage.
On sonography, the earliest manifestation of osteomyelitis is juxtacortical soft tissue swelling with early periosteal thickening. Early inflammatory changes are depicted as areas of hyperemia on power Doppler or color Doppler imaging [24, 25] . Sonography is particularly valuable for the diagnosis of early subperiosteal and soft tissue abscesses (Fig. 4) . The elevated periosteum is seen as an echogenic line separated from the echogenic cortex by a purulent collection of mixed echogenicity [26] . If there is any doubt regarding whether an echogenic interface is the periosteum [27] , it can be followed to the region of the physis and invariably it will come to merge with the physis at the site of the tight perichondral attachments. In later cases, sonography can show cortical destruction. Unfortunately, however, ultrasound provides limited depiction of intraosseous pathology and is thus not the modality of choice.
Scintigraphy using 99m
Tc-methylene diphosphonate has a sensitivity of 80% and a specificity of only 50% [28] . The sensitivity has decreased as infections that have marked soft tissue involvement have increased. Currently, the sensitivity may be as low as 53% [29] . FDG PET appears to be considerably more sensitive (95%) and specific (87%). Unfortunately, PET has limited availability. Given that both techniques deliver radiation and that the capability of whole-body imaging is now also available with MR imaging, MR imaging is a superior technique in children [30, 31] . Other scintigraphic modalities, such as white blood cells labeled with indium 111 or 99m Tc hexamethylpropyleneamine oxime, require relatively large volumes of blood and are not used frequently in younger children [28] . CT is not a primary modality for imaging osteomyelitis. On occasion, children with pelvic osteomyelitis present with pelvic pain and it is important to search for evidence of inflammatory changes in the pelvic wall musculature to exclude pelvic osteomyelitis [18] . In chronic osteomyelitis, CT can help in the evaluation of a sequestrum, which can be difficult to locate on MR imaging.
Determination of the extent of disease
In recent years, osteomyelitis has become more frequently associated with subperiosteal abscess, pyomyositis, deep venous thrombosis and septic arthritis with more patients requiring surgical intervention. A recent series found that nearly 70% of community-acquired (CA) S. aureus infections [29] were associated with such extraosseous findings. An important contributor has been the rise of community-acquired MRSA, which now accounts for 30%-40% of osteomyelitis cases [32] . In patients with CA MRSA, two series reported rates of surgery greater than 90% [29, 32] . Another ominous trend has been the increasing involvement of the cartilaginous epiphyses in younger patients [23] . The greater need to intervene and the greater frequency of extraosseous involvement suggest that imaging of osteomyelitis should Fig. 4 A 13 -month-old boy with history of fever and thigh pain. The patient has sickle cell disease. a Sagittal section through the mid-thigh shows that the periosteum (top arrow) is separated from the cortex (bottom arrow) by a sonolucent subperiosteal fluid collection consistent with a subperiosteal abscess. b Axial images through the left thigh show marked edema of the deep quadriceps compared to the right. An echogenic line (arrow) corresponds to an elevated periosteum. c Axial fat-suppressed T2-W image shows the periosteum (arrow) is elevated by the subperiosteal abscess and that there are extensive inflammatory changes surrounding the abnormal marrow not be confined to the bone but should also evaluate the cartilaginous structures, surrounding soft tissues and adjacent vessels.
There are specific imaging considerations when osteomyelitis affects certain anatomical locations. Spinal osteomyelitis always requires the use of gadolinium-enhanced MR imaging. Contrast-enhanced MRI is essential in the differentiation of abscess in the epidural space or paravertebral masses from inflammatory masses. A follow-up gadolinium-enhanced MR study is useful in cases when the initial study is equivocal and the symptoms persist [33] .
In pelvic osteomyelitis, the initial focus of bone infection is usually subtle, and in almost every case it occurs in a metaphyseal equivalent [18] (Fig. 2) . Five of these regions, adjacent to the sacroiliac joint, triradiate cartilage, pubic symphysis, ischiopubic synchondrosis and iliac apophyses, are most commonly affected [34] . MR imaging is particularly useful in this condition because the geometry is complex, the primary focus of disease is difficult to detect and the incidence of associated soft tissue abnormalities is high [14] . In patients with acute hip pain, no evidence of septic arthritis and a clinical picture suggestive of infection, . e Frontal radiograph shows sclerosis and abnormal bony texture in the distal femur and proximal tibia. This radiograph was obtained slightly more than 4 weeks after the first MRI. Initial radiographs were normal performing a pelvic MRI often yields the diagnosis of osteomyelitis or pyomyositis [35] .
Imaging of complications
In children, most uncomplicated osteomyelitis responds to antibiotic therapy and less than 5% of patients develop chronic infections. A delay greater than 4 days in the initiation of antibiotic therapy increases the likelihood of sequelae, such as deformity and decreased function [36] . Chronic osteomyelitis may present with a relatively small focus of disease surrounded by a strong reaction of the host bone, which walls off the infection. This is termed a Brodie abscess, and is characterized by a necrotic center, a well-defined inner border, and a hazy, ill-defined and broader halo of infection [37] . A less well-contained focus of osteomyelitis can develop a necrotic center or sequestrum, surrounded by pus. In turn, it is walled off by reactive bone or involucrum. The third type of osteomyelitis is a sclerotic form in which the bone is uniformly dense. Chronic infection is most commonly due to S. aureus. In a large series, the tibia was the bone more commonly affected [38] . It is difficult to determine by imaging whether chronic infection is active. Persistent high signal intensity on water-sensitive images or persistent enhancement suggests infection. PET has high specificity for active infection [28] and may be of help in this setting.
Chronic bacterial osteomyelitis should be differentiated from chronic recurrent multifocal osteomyelitis (CRMO), a nonbacterial inflammatory disease involving multiple osseous structures, typically the metaphysis of long bones and the clavicle [39] . Whole-body MRI is a useful modality for the evaluation of this disease; symmetric involvement is highly suggestive of this condition [40] , which responds to antiinflammatory agents rather than antibiotics. Chronic osteomyelitis due to S. aureus should also be differentiated from disease caused by other organisms such as tuberculosis and Bartonella hensealae (cat-scratch disease) [41] .
Role of imaging in guiding therapy
During the last few years, several developments have changed the imaging approach to osteomyelitis. First, whole-body MRI can now detect multifocal disease or abnormalities that are not well-localized [30, 31] . There is less of an advantage in using scintigraphy for those cases in which there may be disseminated disease or in which there are no focal symptoms. Second, growing concern about exposing children to radiation has led to increasing substitution of MRI and sonography for scintigraphy and CT. Third, MRSA has changed the presentation of the disease, with a significant percentage of patients having soft tissue findings and decreased vascularization, both of which are better depicted by MRI [29] . Finally, MRI has become more readily available, even on an emergency basis. In summary, there are increasing reasons to use MRI as the second modality following radiographs, using whole-body MRI sequences when there is suspicion of multifocal disease or in infants when it is difficult to ascertain the location of the disease.
Once the diagnosis of osteomyelitis is established, serial MR imaging studies appear to be of limited value in terms of affecting management [11] . On patients who do not respond to therapy or who have a persistently elevated CRP level, a repeat MRI may help by showing the development of an abscess.
Conclusion
The evaluation of osteomyelitis continues to be challenging. Changes related to the increased prevalence of MRSA, advances in imaging and changes in therapeutic approaches have modified the diagnostic approach to this disease.
